The proteins Ctf19, Okp1, Mcm21 and Ame1 are the components of COMA, a subassembly of budding-yeast kinetochores. We have determined the crystal structure of a conserved COMA subcomplex-the Ctf19-Mcm21 heterodimer-from Kluyveromyces lactis. Both proteins contain 'double-RWD' domains, which together form a Y-shaped framework with flexible N-terminal extensions. The kinetochore proteins Csm1, Spc24 and Spc25 have related single RWD domains, and Ctf19 and Mcm21 associate with pseudo-twofold symmetry analogous to that in the Csm1 homodimer and the Spc24-Spc25 heterodimer. The double-RWD domain core of the Ctf19-Mcm21 heterodimer is sufficient for association with Okp1-Ame1; the less conserved N-terminal regions may interact with components of a more extensive 'CTF19 complex'. Our structure shows the RWD domain to be a recurring module of kinetochore architecture that may be present in other kinetochore substructures. Like many eukaryotic molecular machines, kinetochores may have evolved from simpler assemblies by multiplication of a few ancestral modules.
INTRODUCTION
Kinetochores are the multiprotein assemblies that attach eukaryotic chromosomes to spindle microtubules during meiosis and mitosis. They transmit forces that move chromosomes and originate the spindle assembly checkpoint signals. Kinetochores of budding yeast, such as Saccharomyces cerevisiae, which connect an approximately 150-230 base-pair 'point centromere' to a single microtubule, seem to represent a phylogenetically conserved unit, repeated in multimodular kinetochores of most other eukaryotes [1] . The proteins associated with centromeric DNA compose the 'inner kinetochore', and those in extensive contact with microtubules compose the 'outer kinetochore'. A framework of 'linker' proteins connects the two.
Of the more than 60 proteins now assigned to the S. cerevisiae kinetochore, many form discrete protein complexes [2] . COMA [2, 3] , which includes the proteins Ctf19 (chromosome transmission fidelity 19) [4] , Okp1, Mcm21 (minichromosome maintenance 21) [5] and Ame1, as well as the complexes MIND, NDC80 and SPC105, seem to be the most important constituents of the linker framework [1, 2] . Each S. cerevisiae kinetochore probably contains two or three copies of COMA [6] . These form part of the larger, isolable CTF19 complex, which includes eight more kinetochore proteins [7] . Recombinant S. cerevisiae COMA associates in vitro with MIND [8] . The S. pombe orthologues for Ctf19 and Mcm21, Fta2 and Mal2, respectively [9] , are also part of a multiprotein complex, Sim4 [10] , with analogies to the CTF19 complex. In vertebrates, CENP-P and CENP-O (also Mcm21R) designate the Ctf19 and Mcm21 orthologues, respectively, which are components of the multiprotein constitutive centromere-associated network complex [11] .
Ctf19 and Mcm21 are required for the fidelity of chromosome separation, maintenance of genomic stability and bipolar sister chromatid orientation. S. cerevisiae with certain mutations in Ctf19 or Mcm21 shows marked chromosome missegregation [3] [4] [5] 12] and defects in cohesion of pericentromeric DNA [13] . Mcm21 becomes essential for chromosome biorientation in cells with reduced function of Ipl1, the Aurora B kinase ortholog [14] . In S. pombe, Fta2 and Mal2 are essential for viability. Cells with certain Fta2 mutants show severe chromosome missegregation with a substantial amount of unseparated chromatin [9] . Similarly, inactivation of Mal2 causes an elevated rate of chromosome missegregation [15] . Depletion of CENP-O in human cells by RNA silencing results in pronounced defects in bipolar spindle assembly and chromosome congression, aberrant kinetochore-microtubule attachment and delayed centrosome separation [16] [17] [18] . Cells with deletions of CENP-O and CENP-P show defects in mitosis, including a delay in cell cycle progression [19] , chromosome misalignment and abnormally condensed chromatin [11] .
We have reconstituted the Ctf19-Mcm21 complex (Ctf19-Mcm21) from the point-centromere yeast Kluyveromyces lactis and determined its crystal structure. The two proteins have closely related structures, each with a partly disordered N-terminal segment followed by tandem 'RWD' domains [20] . Similar domains are interaction modules in three other kinetochore proteins-Spc24, Spc25 and Csm1 [21, 22] . The similarity among the RWD domains of all five kinetochore proteins is substantial enough that we imagine them to be paralogues and we suggest that other kinetochore components also have related interaction modules.
RESULTS AND DISCUSSION Structure determination
Sedimentation equilibrium analytical ultracentrifugation shows that purified Ctf19-Mcm21 (Fig 1) is a 1:1 heterodimer. It crystallizes in space group P6 2 22, with two heterodimers in the asymmetric unit (supplementary Figs S1 and S2 online), and we determined the crystal structure to B3.9 Å resolution (supplementary Table S1 online). Both proteins fold into a globular part, with interpretable electron density, and disordered, flexible N-terminal regions with no significant level of continuous electron density (Fig 2) . We modelled continuous polypeptide chain for Ctf19 from positions 96/97 to 269 (of 270). A less well-ordered, mainly a-helical segment, spanning residues 69-92, protrudes from the complex. For Mcm21, we traced residues 99 to the C terminus (293) and a U-shaped segment that includes residues 44-59, located between Ctf19 and Mcm21 (Fig 2) . We have assigned the disconnected segments (Ctf19, residues 66-92, and Mcm21, residues 44-59) to the heterodimer with which they are in most extensive molecular contact. Connections to a crystallographically or non-crystallographically related molecule would be unusually long for the number of residues in the gap and would disagree with the stable, non-associating heterodimeric state in solution (Fig 1) . Coordinates and structure factors have been deposited in the Protein Data Bank with accession number 3ZXU.
RWD domains in Ctf19 and Mcm21
The polypeptide chains of Ctf19 and Mcm21 from residue 107 to the C terminus are structurally homologous (Table 1 ) and form a rigid scaffold. Each protein has two similarly folded a þ b sandwiches (Figs 2 and 3A,B) , arranged in tandem, and connected by a central a-helix B40 Å in length. The two subunits are related by pseudo-twofold rotational symmetry, with the axis located between a short coiled coil of a2 in Ctf19 and a1 in Mcm21 (Fig 3G) . The N-terminal a þ b sandwiches form most of the intersubunit contacts; the C-terminal a þ b sandwiches protrude away from each other, conferring a Y-shaped outline on the complex (Fig 2) . The extensive molecular interface includes B2,710 and B2,670 Å 2 of buried area from Ctf19 and Mcm21, respectively (B21% of the calculated total solvent accessible area). The tight association explains the observed cellular interdependence of the Ctf19 and Mcm21 orthologues in S. pombe: localization of either to the kinetochore depends on the presence of the other [9] .
The a þ b sandwiches of Ctf19 and Mcm21 are structurally similar to the globular domains of the kinetochore proteins Csm1 [22] , Spc24 and Spc25 [21] (Fig 3; Table 1 ). Csm1 is a subunit of the monopolin complex; Spc24-Spc25 form the RWD domain: recurring module in kinetochore structure F. Schmitzberger & S.C. Harrison centromere-proximal part of the NDC80 complex. The pseudotwofold relationship between Ctf19 and Mcm21 is similar to that between the globular domains of Spc24 and Spc25 in the heterodimer and to the twofold relationship in the Csm1 homodimer (Fig 3G-I ). The homology in structure and assembly implies a common evolutionary origin of these protein complexes. The a þ b sandwiches in Csm1, Ctf19, Mcm21, Spc24 and Spc25 are RWD domains (Fig 3; Table 1 ), a module first identified by sequence comparisons [23] and exemplified by the structure of murine GCN2, the a-subunit of the eIF2a kinase (supplementary Fig S3 online) [20] . The RWD domain is especially common among ubiquitin (E2)-conjugating enzymes [24] . Its presence in three different kinetochore subcomplexes (among the few for which structures are known) shows that this fold is an important recurring feature of kinetochore molecular architecture.
Ctf19 and Mcm21 also have pronounced structural similarity to the central domain of the Drosophila melanogaster Fanconi anaemia core complex (FANCL; Fig 3C; Table 1 ), an E3 ubiquitin ligase [25] . Like Ctf19 and Mcm21, FANCL has two RWD domains (RWD-N and RWD-C) arranged in tandem, the firstdescribed example of a double-RWD domain (D-RWD). In FANCL, the D-RWD is required for binding to FANCI-FANCD2 [25] . Single RWD domains are also protein interaction modules in functionally different proteins. They show a substantial variety of interaction modes, but intermolecular contacts often include amino-acid residues from the solvent-exposed, structurally variable part corresponding to a2 and a3 [20] (supplementary Fig S3 online) . In Csm1, a conserved cluster of hydrophobic amino-acid side chains, several of which are located on the surface of a Csm1-specific element between a2 and a3 of the RWD domain, interacts with the protein Dsn1, a subunit of the MIND complex, and potentially with Mif2, a component of the inner kinetochore [22] . The RWD domains of Spc24-Spc25 also interact with MIND [26, 27] , and several of the most conserved amino acids are in the C-terminal helices of Spc24 and Spc25 [21] .
The loop between b3 and b4 in most currently characterized RWD proteins contains residues, often in an YPXXXP motif (supplementary Fig S3 online) , that are important for folding and stability [20] . Two temperature-sensitive, single-amino-acid variants in the corresponding turn (b7-b8) of the RWD-C domain of Fta2 (supplementary Fig S6B online) , the S. pombe Ct19 orthologue, corresponding to Pro232 and Ser233 in K. lactis Ctf19 (Fig 3A) , show severe chromosome missegregation and defects in bipolar attachment [9] . Overexpression of the Mcm21 orthologue, Mal2, alleviates this phenotype, suggesting that, as in other RWD domains, the contacts from this turn contribute to stability and that high concentrations of the partner protein can compensate when forming the heterodimer [9] . In our structure, residues in a P 232 SPYP 236 sequence in the Ctf19 b7-b8 turn make intermolecular contacts with a3 of Mcm21, rather than intramolecular contacts with residues from the C-terminal helices as in most RWD domains. The same applies to the b3-b4 turn of Ctf19, 
N-terminal segments
Preceding the RWD-N domains in the polypeptide chains of Ctf19 and Mcm21 are segments spanning positions 69-92 in Ctf19 and 44-59 in Mcm21, both of which have overall higher thermal displacement (B) factors than most other parts of the structure. Their N termini extend in parallel away from the body of the complex towards a large solvent channel in the crystal, with ample space to accommodate the polypeptide chain without traceable electron density (Fig 2; supplementary Fig S4 online) . In the absence of interacting proteins, these parts are evidently disordered, consistent with predictions based on their amino-acid sequences (supplementary Fig S5 online) .
Conserved and divergent regions in Ctf19 and Mcm21
We compared the amino-acid sequences from K. lactis Ctf19 and Mcm21 with their orthologues in fungi, metazoa and plants (supplementary Fig S6 online) . Mcm21 sequences vary less than those of Ctf19, but neither sequences nor lengths are particularly conserved. Mcm21 from S. cerevisiae is 75 residues longer than its K. lactis orthologue, and both have B27% sequence identity (B57% similarity); Ctf19 from S. cerevisiae is 99 amino acids longer than its K. lactis orthologue, with B18% identity (B50% similarity). The sequences of S. pombe, 
Ctf19-Mcm21 interactions in kinetochore assembly
Localization of COMA to kinetochores depends on Ame1 [2, 28] , whereas Okp1 mutants impair the localization only of Ctf19, Mcm21 and Okp1, and not that of Ame1. Thus, Ame1 seems to function as a kinetochore 'adaptor' for COMA. We have purified recombinant K. lactis COMA (Fig 1, Materials and methods, in supplementary information online) and carried out limited proteolysis of both the full COMA complex and the Ctf19-Mcm21 subcomplex (supplementary Table S2 online). For the disordered parts in our structure, the patterns are essentially identical. It is therefore likely that these regions are also disordered in the full COMA heterotetramer and do not interact substantially with Okp1 or Ame1. We have confirmed this suggestion by purifying N-terminally truncated Ctf19 (residues 107-270) and Mcm21 (residues 108-293) together with Okp1 and Ame1 (Fig 1C) . The D-RWD regions of Ctf19 and Mcm21 are RWD protein domains were aligned with DALI [38] . All proteins are from S. cerevisiae, except for Ctf19 and Mcm21 (K. lactis), GCN2 (M. musculus), and FANCL (D. melanogaster). A DALI Z-score of 2.0 was chosen as a threshold for the inclusion of structural homologues in this list; r.m.s.d. is the root-mean-squared distance between the N a-carbon positions aligned; the percent sequence identity (ident) for aligned residues is shown in the next to last column. Protein Data Bank accession numbers are in parentheses after each comparison.
RWD domain: recurring module in kinetochore structure Localization of a number of proteins to the kinetochore depends on COMA components. Binding partners probably include Sli15, the adaptor for Ipl1 [29] , and other components of the CTF19 complex [13, 30, 31] . Ctf19-Mcm21 has four spatially separated RWD domains (Fig 2) , each presenting potentially independent protein interaction surfaces. Most of the surface residues conserved among point-centromere yeasts are on one face of the heterodimer (Fig 4) . A conserved binding partner, such as Okp1, is likely to interact with this surface, consistent with our data showing that Okp1-Ame1 associates with the core D-RWD of Ctf19-Mcm21. The less conserved N-terminal regions of Ctf19 and Mcm21, disordered in our crystals, could be potential interaction sites for other partners, such as subunits of the CTF19 complex.
The several apparent contact surfaces presented by the four RWD domains in Ctf19-Mcm21 probably reflect its functional role as a linker. Although conserved in all eukaryotes and essential in S. pombe, Ctf19 and Mcm21 are not essential for viability in S. cerevisiae. The known structures of kinetochore subcomplexes indicate that a kinetochore resembles more closely a crossconnected framework than a solid entity. Its molecular architecture probably incorporates important but redundant components and cooperative interactions among them. The links established by partners of Ctf19-Mcm21 might be dispensible in some contexts but not in others, because of the variable strengths of compensating interactions.
The observation that RWD domains are principal interaction modules in at least five different kinetochore proteins suggests that we will find this structural element in several more kinetochore components. The kinetochore is not the only elaborate, subcellular assembly that contains distinct, but related building blocks. The subunits of the eukaryotic proteasome [32] and the 'ancestral coatamer element', common to several of the B30 nucleoporins and to COPII vesicle proteins [33] , are further examples. Like these other molecular machines, kinetochores may have evolved from a small number of ancestral protein modules.
METHODS
Molecular cloning and protein preparation. Coding regions of the four COMA components were amplified by polymerase chain reaction from K. lactis genomic DNA. The construction of diand tetracistronic vectors, using backbone of pET3aTR [34] , expression and purification of the Ctf19-Mcm21, as well as full and truncated COMA complexes, are described in supplementary information online. Protein characterization. We used sedimentation equilibrium analytical ultracentrifugation to determine the oligomeric state of Ctf19-Mcm21. The cleavage sites of the fragments of Ctf19-Mcm21 and COMA from limited proteolysis were determined by mass spectrometry (details in supplementary information online). Crystallization and structure determination. The Ctf19-Mcm21 complex was crystallized using 7-10% (wt/vol) polyethylene glycol 8,000 14-20% (vol/vol) ethylene glycol, 30 mM CaCl 2 , 30 mM MgCl 2 and 100 mM bicine/Trizma, pH 8.1-8.9, at B293 K. The crystals were in space group P6 2 22 , a ¼ b ¼ 239.0, c ¼ 179.5 Å , with two heterodimeric complexes in the asymmetric unit. X-ray diffraction data were recorded at NE-CAT beamline 24-ID-C at the Advanced Photon Source, Argonne National Laboratory. Data processing, phase determination by singlewavelength anomalous diffraction, model building and refinement are described in supplementary information online. Sequence conservation scores, based on TCoffee [35] alignments, were calculated with ConSurf [36] and mapped onto the coordinates.
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